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Abstract 
In the past decade, tremendous advance has been made in understanding the biosynthesis, 
perception and signaling pathways of the plant hormone cytokinin. It also became clear that 
interfering with any of these steps greatly impacts all stages of growth and development. This 
has spurted renewed effort recently to understand how cytokinin signaling affects 
developmental processes. As a result, new insights on the role of cytokinin signaling and the 
downstream targets during e.g. shoot apical meristem, flower, female gametophyte, stomata 
and vascular development are being unraveled. In this review, we aim to give a comprehensive 
overview of recent findings on how cytokinin influences growth and development in plants and 
highlight areas for future research.  
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Cytokinins: from signaling to development  
Cytokinins, a class of phytohormones with diverse molecular structures [1], were first 
discovered in the late 1950’s while looking for the molecule responsible for the growth-
promoting activity of autoclaved herring sperm DNA [2]. Since then, the signaling pathway of 
cytokinins has been intensely studied. In our current understanding, cytokinins are synthesized 
by the ISOPENTENYL TRANSFERASE (IPT) and LONELY GUY (LOG) enzymes, whereas 
cytokinin conjugation act mainly through CYTOKININ OXIDASE (CKX) enzymes. 
Cytokinins are next perceived by the ARABIDOPSIS HISTIDINE KINASE2-4 (AHK2-4) 
receptors which initiates a phosphorylation signaling cascade. This phospho-relay starts with 
auto-phosphorylation of the receptors and will ultimately lead to phosphorylation and activation 
of B-type ARABIDOPSIS REPSONSE REGULATORS (ARRs) through the ARABIDOPSIS 
HISTIDINE PROTEINS (AHPs). The active ARRs will then induce cytokinin responsive 
genes, such as those encoding the cytokinin signaling repressors A-type ARRs or CYTOKININ 
RESPONSE FACTORS (CRFs). For detailed information on the biosynthesis, transport, 
perception and signaling cascades of cytokinins, we refer to several excellent recent reviews [1, 
3-5]. With the now well studied aspect of cytokinin signaling, the next step is to understand 
how these processes impinge on plant growth and development. Over the past few years, an 
increasing number of studies highlight the importance of cytokinins during many 
developmental processes. In this review, we discuss how these insights aid in understanding 
how cytokinins controls development at a molecular level.  
 
Shoot development 
Already in the early years of cytokinin research, it was clear that these molecules have a big 
influence on plant growth, especially together with auxin [6, 7]. Plants grown on high levels of 
auxin and cytokinin massively proliferate and dedifferentiate leading to callus (see Glossary). 
Growing callus on high cytokinin levels induces shoot regeneration [6]. Based on these classical 
experiments, cytokinins are considered the main class of hormones involved in shoot 
development. 
Cytokinin controls shoot cell fate 
Cytokinin signaling was shown to be vital in the context of shoot apical meristem (SAM; see 
Glossary) development (Key Figure 1), being able to induce shoot formation in callus [6, 8]. 
Under specific conditions, exogenous cytokinins are even able to trans-differentiate (see 
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Glossary) lateral root primordia into a SAM [9, 10]. These observations suggest that cytokinins 
can specify shoot cell fate starting from different cell types. In planta, it has been shown that 
cytokinins are important for SAM formation as reduced cytokinin levels or signaling results in 
a smaller SAM [11-13]. Reduction of root derived cytokinin transport by ARABIDOPSIS ATP-
BINDING CASSETTE G14 (ABCG14), was shown to be important for correct SAM 
development [14-16] while confinement of cytokinins within the SAM was suggested to be 
mediated by PURINE PERMEASE 14 (PUP14) transporters [17]. In the SAM, cytokinins have 
previously been shown to be positive regulators of WUSCHEL (WUS) [18], while more recent 
observations indicated that B-type ARR’s directly bind the promoter region of WUS and 
subsequently promote its expression [19-23]. WUS is expressed in the organization center of 
the SAM and is necessary for proper stem cell niche maintenance in the SAM [20]. Both WUS 
and cytokinin signaling are required during shoot specification and regeneration, as wus and 
arr1/10/12 mutant explants are unable to form new shoots, whereas other SAM-deficient 
mutants still have normal or reduced shoot regenerating capacities [19, 21]. Furthermore, WUS 
miss-expression leads to ectopic SAM formation in roots [24-26] and enables shoot 
regeneration of callus on hormone free medium [21]. Intriguingly, when treating lateral root 
primordia with cytokinins, WUS expression precedes the morphology change into a SAM [9], 
suggesting that WUS could be the direct mediator of cytokinin-induced shoot specification 
downstream of the cytokinin response pathway. This is further supported by the fact that normal 
cytokinin response seems to be necessary for proper WUS expression and that miss-expression 
of WUS is able to completely rescue the deficient shoot regenerative capacity of the arr1/arr12 
mutant [19].  
Flower development 
Cytokinins also plays a key role during several stages of flower development (Key Figure 1). 
For example, in loss-of-function lines of ARR1 and ARR10, carpel (see Glossary) regeneration 
from callus was impaired [27]. These B-type ARRs were shown to bind the AGAMOUS (AG) 
promoter region and induce expression of this carpel identity defining gene. Finally, carpel 
regeneration was impaired in AG amiRNA lines, confirming the requirement of this gene during 
carpel formation. Although these experiments were performed in a carpel-inducing system, they 
suggest that the cytokinin-dependent control of AG expression, through ARR1 and ARR10, 
might also be functional during normal carpel development [27]. 
Unlike the SAM, which continuously divides to generate new tissues, flower meristems 
generate a defined number of flowers and then terminate growth [28]. This determinacy is 
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impaired in ag-10 mutants when treated with exogenous cytokinins, creating additional tissues 
within the carpels [28] with similar phenotypes observed in the arf3-29 mutant. Under normal 
conditions, ETTIN/AUXIN RESPONSE FACTOR 3 (ARF3) reduces cytokinin signaling on 
multiple levels by repressing IPT, LOG and AHK genes [28]. The prolonged WUS expression 
within the arf3-29 mutant further suggests that ETTIN/ARF3 repression of cytokinin signaling 
is necessary for flower determinacy, potentially by limiting WUS expression. 
Later in flower development, during gynoecium (see Glossary) development, a maximum of 
TCS expression (Box 1) suggest the involvement of cytokinin signaling [29, 30] (Key Figure 
1). Indeed, the arr1/10/12 mutant carries fewer ovules, has defects in septum fusion and shows 
a reduction in transmitting tract tissues [30]. By contrast, plants with increased cytokinin levels 
show over-proliferation of the medial tissues [29-31]. The bHLH transcription factor SPATULA 
(SPT) is expressed in these tissues [30, 32] and loss-of-function phenocopies the arr1/10/12 
mutant. Moreover, SPT influences cytokinin signaling as TCS expression is lowered in the spt 
mutant and increased upon overexpression of SPT. This seems to be a direct regulation, as SPT 
is able to directly bind the ARR1 promoter and as such induce cytokinin signaling in the medial 
tissues [30]. Intriguingly, confinement of cytokinin signaling within the medial tissues seems 
to be required for correct development of the outer tissues. This is achieved by inducing the 
cytokinin inhibitor AHP6 within these tissues [30, 31, 33], whereas AG represses cytokinin 
signaling by directly inducing A-type ARRs [34].  
The role of cytokinins in gynoecium development has also been shown in other species, such 
as the dioecius plant Actinidia. Here, a male sex determining gene called SHY GIRL encodes 
for a C-type ARR, which acts as a negative regulator of cytokinin signaling. Presence of SHY 
GIRL results in female lethality without affecting male sterility in the flower, leading to dioecius 
flowers [35]. This example suggests that cytokinins plays important roles during gynoecium 
development across the plant kingdom.  
Female gametophyte development 
Within the carpels of the gynoecium, ovules with the female gametophyte (see Glossary) will 
eventually develop. During female gametophyte development, cytokinins plays important roles 
in cell fate specification (Key Figure 1). Many cytokinin associated genes like cytokinin 
insensitive (cki) single, arr7/arr15 double and ahp2-2/ahp3/ahp5-2 triple mutants are female 
gametophyte lethal [36-38]. CKI encodes for a histidine kinase that activates cytokinin response 
in absence of cytokinins [39]. In the CKI/cki loss-of-function mutant, a miss-specification of 
cell fates occurs with the antipodal and central cells obtaining egg cell fate. The role of cytokinin 
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signaling is emphasized as the TCS expression (Box 1) in these cells is reduced or absent in the 
CKI/cki and cki1-9 mutant backgrounds respectively [37]. Given that AHP1, AHP2 and AHP5 
act downstream of CKI, the standard cytokinin signaling pathway is used to control cell fate 
specification [36]. In contrast, overexpression of CKI leads to ectopic TCS expression and 
specification of the egg cell into a central cell. Upon fertilization, the sperm cell will fuse with 
this miss-specified egg cell and develop into a diploid endosperm instead of an embryo. Based 
on these results and the specific expression in the different cell types of the female gametophyte 
[37], it is clear that CKI is important to provide antipodal and central cell fate, whereas 
repression of CKI is required for synergid and egg cell specification. Despite these important 
insights, the actual mechanisms by which CKI provides these cell fates remains unknown. 
Female gametophyte development as described above is however not conserved in all plants. 
For example, although gymnosperms encode a CKI ortholog, they do not contain central cells 
or endosperm. In Ginkgo biloba for example, the CKI ortholog does not fully rescue the 
arabidopsis (Arabidopsis thaliana) cki mutant as it was unable to confer central cell 
specification even though cytokinin signaling was induced. This could suggest that during 
angiosperm evolution, neofunctionalization of CKI helped the formation of central cells and 
endosperm establishment [40]. 
Cytokinin controls cell divisions in leaf epidermis 
Similar to the cell division promoting function of cytokinins in many developmental processes 
[41], this role was recently extended to the leaf epidermis. Cytokinins and SPEECHLESS 
(SPCH), a transcriptional inducer for asymmetric divisions in the stomatal lineage [42], 
mutually regulate each other on multiple levels. For example, cytokinins induce expression of 
SPCH, whereas SPCH induces the A-type ARR16/17 and CLAVATA3/ESR9/10 (CLE9/10) 
peptides that will reduces cytokinin sensitivity [43] (Key Figure 1). As such, modifying 




Besides being the main determinant for shoot development, cytokinins have also been 
implicated in many aspects of root development. This is for example very clear when looking 
at the wide range of root-related phenotypes in biosynthesis, perception and signaling mutants 
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[7]. In this section, we will highlight recent findings exemplifying how cytokinins regulate root 
development. 
Maintaining bilateral symmetry  
The arabidopsis root shows a clear bilateral symmetry (see Glossary) within the vascular 
tissues with a central xylem axis (see Glossary) flanked by two phloem poles (see Glossary) 
and intervening procambium cells. In this diarch set-up, there is high auxin signaling in the 
xylem cells, whereas neighboring procambium and phloem cells are typed by high cytokinin 
signaling. This bilateral character of the vasculature is a consequence of a tight interplay 
between auxins and cytokinins, as the auxin signaling in xylem cells induces AHP6 which in 
turn represses cytokinin signaling [44]. Additionally, cytokinin signaling in procambial cells 
affects auxin efflux through PIN-FORMED (PIN) protein expression and localization [45]. 
Mathematical modeling suggests that this interplay is sufficient for achieving the bilateral 
symmetry within the vasculature [46-49] (Key Figure 1). The bilateral symmetry of the 
arabidopsis root is perhaps most clear in the pericycle, as lateral roots only develop from sets 
of xylem-pole pericycle cells with high auxin signaling. Here, AHP6 is thought to repress 
cytokinin signaling [50]. Additionally, cytokinins have a negative effect on lateral root initiation 
and organization by disturbing PIN protein localization and therefore perturbing local auxin 
accumulation [50, 51]. This repression of lateral root initiation by cytokinins is also important 
to achieve a regular spacing between lateral root primordia [52]. 
Perhaps more surprising is the increasing body of evidence suggesting that bilateral symmetry 
extends beyond the pericycle into the ground tissue [46, 53, 54]. Endodermal cells at the xylem 
pole contain passage cells (see Glossary), have increased division rates and are much shorter 
compared to those neighboring the phloem pole [53, 55]. Again in this case, bilateral symmetry 
is the result of the higher cytokinin levels in the protophloem endodermal cells, whereas AHP6 
provides repression of cytokinin signaling in the protoxylem pole endodermis [54]. As such, 
cytokinins guide correct tissue patterning by generating a bilateral symmetry within the root in 
concert with auxins. 
Vascular development 
Cytokinins are tightly linked to vascular development as classical mutants in the signaling 
pathway such as wooden leg (ahk4/cre1/wol) and ahp6 were identified because of their vascular 
defects. In the past few years, the heterodimer transcription factor complex formed by the bHLH 
transcription factors TARGET OF MONOPTEROS 5 (TMO5) and LONESOME HIGHWAY 
(LHW) emerged as an important regulator of vascular proliferation [46, 56-58]. Loss of 
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function of these factors results in plants with almost no vascular cell files, whereas ectopic 
misexpression increases vascular cell file numbers. This suggests that the TMO5/LHW 
complex is required and sufficient to control radial expansion in at least the embryo and the 
primary root meristem [46, 56-58]. In the xylem axis, this heterodimer complex directly binds 
the promoter regions of the cytokinin biosynthesis genes LOG3 and LOG4. The locally 
produced cytokinins are thought to diffuse to the neighboring procambium cells where it 
induces cell divisions [46, 56] (Key Figure 1). Given that the vascular bundle size of lhw can 
be rescued by exogenous cytokinin application and radial proliferation is suppressed in the 
receptor mutant [46], cytokinins seem to be essential for radial expansion of vascular tissues. 
Indeed, perturbing cytokinin biosynthesis, transport or signaling results in reduced vascular cell 
file numbers [12, 13, 15, 16, 46, 59, 60]. Yet, the only direct link between cytokinins and cell 
division so far involves induction of  CYCLIND3;1 and AINTEGUMENTA (ANT) [61, 62]. In 
knock-out mutants of these genes, a decrease in vascular bundle size was found. However, 
cytokinins are still able to increase the vascular bundle size in these mutant backgrounds, 
suggesting that other factors next to CYCD3;1 and ANT are involved in this process [62]. 
Besides the effect on radial proliferation, mutants in cytokinin biosynthesis or signaling also 
show strong patterning defects in which all vascular cells (excluding the pericycle) adopt 
protoxylem identity [12, 44, 46, 63, 64]. This is very different compared to higher order mutants 
of TMO5/LHW and in overexpression lines of their SUPPRESSOR OF ACAULIS5-LIKE 
(SACL) repressors, as these plant lines still contain all cell types, although in lower numbers 
[65, 66]. Additionally, increasing cytokinin levels by exogenous cytokinin treatments or 
removing the AHP6 repression leads to a complete or partial loss of protoxylem differentiation 
[44]. Taken together, cytokinins are tightly associated with vascular development as they 
influence radial proliferation, radial patterning and xylem differentiation processes. Yet, it 
remains unclear how cytokinins themselves control these different developmental processes in 
space and time at a molecular level. 
Root meristem size determination 
Besides a role in controlling radial patterning and proliferation, cytokinins also regulate root 
development in a longitudinal sense. In the root, cytokinins control root meristem size by 
limiting auxin activity in the transition zone. Here, cytokinins repress auxin activity through 
direct induction of SHY2/IAA3 by ARR1 and ARR12. SHY2/IAA3 acts as a repressor of ARF 
activity and negatively regulate PIN proteins leading towards auxin redistribution [67-69]. 
Auxins themselves promote the degradation SHY2/IAA3, which activates auxin signaling [68]. 
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This intricate interplay between auxins and cytokinins results in the creation of a distinct zone 
with low auxin signaling in the transition zone. The position of this auxin minimum was 
suggested to define the boundary between dividing and differentiating cells and as such controls 
the size of the root meristem [70]. 
Root nodule formation 
Plant-microbe interactions between plants from the Fabaceae family and nitrogen fixating 
bacteria lead to the formation of specialized plant structures called root nodules and are strongly 
linked with cytokinin signaling. In Medicago truncatula and Lotus japonica, inoculation of 
nitrogen fixating bacteria leads to an increase in cytokinin biosynthesis and signaling within the 
affected roots [71-74]. In Lotus japonica, lhk1-1 lhk1a-1 lhk3-1 triple receptor mutants show 
hyper infection after Mesorhizobium loti inoculation but the infection threads are not able to 
develop into nodule primordia [75]. This suggests that cytokinins might not be strongly 
involved in the infection event, but rather play important roles during root nodule development. 
However, some nodulation factors like MtNSP are shown to be induced downstream of 
cytokinins [76], implying the necessity of cytokinin signaling for nodulation. Moreover, 
overexpressing cytokinin biosynthesis genes also leads to root nodule formation in absence of 
nitrogen fixating bacteria, suggesting that cytokinin signaling is necessary and sufficient for 
normal development of root nodules [74]. 
 
Concluding remarks and future perspectives 
In recent years, we gained new insights into how cytokinins influence key developmental 
processes. Although great advances have been made, the real challenge will be to understand 
how cytokinins regulate these developmental processes at a molecular level. For example, 
regulation of WUS and AG expression levels through specific B-type ARRs explains how 
cytokinins can promote shoot formation [19-23, 27]. However, examples of these direct links 
to key developmental regulators are still very scarce. Yet, understanding these connections will 
be vital to grasp how cytokinins control plant development. More specifically, similar to other 
plant hormones, a major hurdle is to understand how cytokinins are able to regulate very distinct 
processes throughout development. Indeed, besides promoting shoot formation, cytokinins are 
also involved in vascular proliferation, female gametophyte development, lateral root 
development and many other processes discussed above. To achieve this, cytokinins must be 
able to regulate different subsets of genes under different conditions. Part of this specificity 
might be brought about via the large diversity of the cytokinin signaling cascade components. 
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Currently, three receptors, five AHP’s, eleven A-type ARRs, ten B-type ARRs and three C-
type ARRs have been identified. Moreover, these ten different B-type ARRs can provide further 
selectivity due to their expression domain or binding specificity to certain promoter sequences. 
Indeed, some but not all B-type ARRs can rescue the arr1;arr12 double mutant [77], hinting 
towards some specificity among the B-type ARRs. Although, major leaps forward were made 
to chart the direct downstream targets of mainly ARR1, ARR10 and ARR12 [22, 23, 78], 
recently, the targets of other B-type ARRs have not been studied as extensively. These might 
be a good starting point to unravel the complex downstream regulatory pathways and the 
observed specificity (see Outstanding Questions Box). The presence of other transcriptional 
regulators that co-regulate the cytokinin response could also partly explain how diverse 
cytokinin responses can be activated. For example, BARLEY B-RECOMBINANT/BASIC 
PENTACYSTEINE (BBR/BPC) or CYTOKININ RESPONSE  FACTOR (CRF) gene families 
has been shown to induce a subset of cytokinin responsive genes [79, 80]. Additionally, the use 
of molecular tools including CKI, SRDX and EAR motifs in combination with  tissue specific 
promoters could be useful to study the role cytokinin signaling in specific developmental 
processes. In summary, elucidating how cytokinins are able to induce specific sets of genes in 
different processes at certain moments in development will be key in understanding the ability 
of phytohormones to guide plant development in general. 
As we slowly start to unravel how cytokinins guide developmental processes, it becomes clear 
that cytokinins by themselves are not sufficient for the formation of complex tissues. Indeed, 
as postulated decades ago, the specific interplay between cytokinins and other phytohormones 
emerges as an essential property for normal plant development. For example, the intimate 
interplay between auxins and cytokinins remains enigmatic for plant development. Indeed, ever 
since the classical experiments by Skoog and Miller [6], the important interaction between 
auxins and cytokinins have been extensively studied in many developmental systems [7, 33, 47, 
70, 81]. Although the functional importance of interactions with other hormones is less 
established at the moment [82], it is very likely that also these interactions will be crucial for a 
holistic understanding of plant development (see Outstanding Questions Box). 
 
Acknowledgements 
We apologize to all authors whose work we could not include in this review due to space 
limitations. The authors thank Laila Moubayidin and Lars Østergaard for providing an artwork 
template for the gynoecium. This work was supported by The Research Foundation - Flanders 
 10 




1. Kieber, J.J. and G.E. Schaller, Cytokinins. Arabidopsis Book, 2014. 12: p. e0168. 
2. Miller, C.O., et al., Kinetin, a Cell Division Factor from Deoxyribonucleic Acid. 
Journal of the American Chemical Society, 1955. 77(5): p. 1392-1392. 
3. Kieber, J.J. and G.E. Schaller, Cytokinin signaling in plant development. 
Development, 2018. 145(4). 
4. Romanov, G.A., S.N. Lomin, and T. Schmulling, Cytokinin signaling: from the ER or 
from the PM? That is the question! New Phytol, 2018. 218(1): p. 41-53. 
5. Kang, J., et al., Cytokinin Transporters: GO and STOP in Signaling. Trends Plant Sci, 
2017. 22(6): p. 455-461. 
6. Skoog, F. and C.O. Miller, Chemical regulation of growth and organ formation in 
plant tissues cultured in vitro. Symp Soc Exp Biol, 1957. 11: p. 118-30. 
7. Schaller, G.E., A. Bishopp, and J.J. Kieber, The yin-yang of hormones: cytokinin and 
auxin interactions in plant development. Plant Cell, 2015. 27(1): p. 44-63. 
8. Patton, D.A. and D.W. Meinke, High-frequency plant regeneration from cultured 
cotyledons of Arabidopsis thaliana. Plant Cell Rep, 1988. 7(4): p. 233-7. 
9. Rosspopoff, O., et al., Direct conversion of root primordium into shoot meristem 
relies on timing of stem cell niche development. Development, 2017. 144(7): p. 1187-
1200. 
10. Chatfield, S.P., et al., Incipient stem cell niche conversion in tissue culture: using a 
systems approach to probe early events in WUSCHEL-dependent conversion of lateral 
root primordia into shoot meristems. Plant J, 2013. 73(5): p. 798-813. 
11. Werner, T., et al., Cytokinin-deficient transgenic Arabidopsis plants show multiple 
developmental alterations indicating opposite functions of cytokinins in the regulation 
of shoot and root meristem activity. Plant Cell, 2003. 15(11): p. 2532-50. 
12. Ishida, K., et al., Three type-B response regulators, ARR1, ARR10 and ARR12, play 
essential but redundant roles in cytokinin signal transduction throughout the life cycle 
of Arabidopsis thaliana. Plant Cell Physiol, 2008. 49(1): p. 47-57. 
 11 
13. Tokunaga, H., et al., Arabidopsis lonely guy (LOG) multiple mutants reveal a central 
role of the LOG-dependent pathway in cytokinin activation. Plant J, 2012. 69(2): p. 
355-65. 
14. Poitout, A., et al., Responses to Systemic Nitrogen Signaling in Arabidopsis Roots 
Involve trans-Zeatin in Shoots. Plant Cell, 2018. 30(6): p. 1243-1257. 
15. Ko, D., et al., Arabidopsis ABCG14 is essential for the root-to-shoot translocation of 
cytokinin. Proceedings of the National Academy of Sciences of the United States of 
America, 2014. 111(19): p. 7150-7155. 
16. Zhang, K., et al., Arabidopsis ABCG14 protein controls the acropetal translocation of 
root-synthesized cytokinins. Nat Commun, 2014. 5: p. 3274. 
17. Zurcher, E., et al., Plant development regulated by cytokinin sinks. Science, 2016. 
353(6303): p. 1027-1030. 
18. Gordon, S.P., et al., Pattern formation during de novo assembly of the Arabidopsis 
shoot meristem. Development, 2007. 134(19): p. 3539-48. 
19. Meng, W.J., et al., Type-B ARABIDOPSIS RESPONSE REGULATORs Specify the 
Shoot Stem Cell Niche by Dual Regulation of WUSCHEL. Plant Cell, 2017. 29(6): p. 
1357-1372. 
**: Work describing the direct activation of WUS by type-B ARRs, on of the few 
examples of linking CK signaling to developmental regulators. 
20. Wang, J., et al., Cytokinin Signaling Activates WUSCHEL Expression during Axillary 
Meristem Initiation. Plant Cell, 2017. 29(6): p. 1373-1387. 
21. Zhang, T.Q., et al., A Two-Step Model for de Novo Activation of WUSCHEL during 
Plant Shoot Regeneration. Plant Cell, 2017. 29(5): p. 1073-1087. 
22. Zubo, Y.O., et al., Cytokinin induces genome-wide binding of the type-B response 
regulator ARR10 to regulate growth and development in Arabidopsis. Proc Natl Acad 
Sci U S A, 2017. 114(29): p. E5995-E6004. 
**: Paper unraveling direct targets of ARR10. Together with Xie et al., these data-sets 
will be vital to unravel how cytokinin controls multiple developmental processes in 
space and time. 
23. Xie, M., et al., A B-ARR-mediated cytokinin transcriptional network directs hormone 
cross-regulation and shoot development. Nat Commun, 2018. 9(1): p. 1604. 
**: Large scale genomics paper mapping the DNA binding sites of ARR1, 10 and 12; 
and highlighting WUS as direct target gene. 
 12 
24. Gallois, J.L., et al., WUSCHEL induces shoot stem cell activity and developmental 
plasticity in the root meristem. Genes Dev, 2004. 18(4): p. 375-80. 
25. Negin, B., et al., Shoot stem cell specification in roots by the WUSCHEL transcription 
factor. PLoS One, 2017. 12(4): p. e0176093. 
26. Pernisova, M., et al., Cytokinin signalling regulates organ identity via the AHK4 
receptor in Arabidopsis. Development, 2018. 145(14). 
27. Rong, X.F., et al., Type-B ARRs Control Carpel Regeneration Through Mediating 
AGAMOUS Expression in Arabidopsis. Plant Cell Physiol, 2018. 59(4): p. 756-764. 
28. Liu, X., et al., AUXIN RESPONSE FACTOR 3 integrates the functions of AGAMOUS 
and APETALA2 in floral meristem determinacy. Plant J, 2014. 80(4): p. 629-41. 
29. Marsch-Martinez, N., et al., The role of cytokinin during Arabidopsis gynoecia and 
fruit morphogenesis and patterning. Plant J, 2012. 72(2): p. 222-34. 
30. Reyes-Olalde, J.I., et al., The bHLH transcription factor SPATULA enables cytokinin 
signaling, and both activate auxin biosynthesis and transport genes at the medial 
domain of the gynoecium. PLoS Genet, 2017. 13(4): p. e1006726. 
*: The authors demonstrate how SPATULA promotes cytokinin signaling while 
repressing auxin in the medial tissues of the gynoecium. This work highllights the 
interplay of auxin and cytokinin in gynoecium development. 
31. Duran-Medina, Y., et al., The AP2/ERF Transcription Factor DRNL Modulates 
Gynoecium Development and Affects Its Response to Cytokinin. Front Plant Sci, 2017. 
8: p. 1841. 
32. Groszmann, M., et al., Regulation of tissue-specific expression of SPATULA, a bHLH 
gene involved in carpel development, seedling germination, and lateral organ growth 
in Arabidopsis. J Exp Bot, 2010. 61(5): p. 1495-508. 
33. Müller, C.J., et al., Cytokinin-Auxin Crosstalk in the Gynoecial Primordium Ensures 
Correct Domain Patterning. Plant Physiol, 2017. 175(3): p. 1144-1157. 
34. O'Maoileidigh, D.S., et al., Floral homeotic proteins modulate the genetic program for 
leaf development to suppress trichome formation in flowers. Development, 2018. 
145(3). 
35. Akagi, T., et al., A Y-Encoded Suppressor of Feminization Arose via Lineage-Specific 
Duplication of a Cytokinin Response Regulator in Kiwifruit. Plant Cell, 2018. 30(4): p. 
780-795. 
36. Liu, Z., et al., AHP2, AHP3, and AHP5 act downstream of CKI1 in Arabidopsis 
female gametophyte development. J Exp Bot, 2017. 68(13): p. 3365-3373. 
 13 
37. Yuan, L., et al., The CKI1 Histidine Kinase Specifies the Female Gametic Precursor 
of the Endosperm. Dev Cell, 2016. 37(1): p. 34-46. 
*: The authors show how an activator of cytokinin signaling controls cell idenitity 
specification during female gametphyte development. 
38. Leibfried, A., et al., WUSCHEL controls meristem function by direct regulation of 
cytokinin-inducible response regulators. Nature, 2005. 438(7071): p. 1172-5. 
39. Hwang, I. and J. Sheen, Two-component circuitry in Arabidopsis cytokinin signal 
transduction. Nature, 2001. 413(6854): p. 383-9. 
40. Yuan, L., et al., The gymnosperm ortholog of the angiosperm central cell-specification 
gene CKI1 provides an essential clue to endosperm origin. New Phytol, 2018. 218(4): 
p. 1685-1696. 
41. Schaller, G.E., I.H. Street, and J.J. Kieber, Cytokinin and the cell cycle. Curr Opin 
Plant Biol, 2014. 21: p. 7-15. 
42. Pillitteri, L.J. and K.U. Torii, Breaking the silence: three bHLH proteins direct cell-
fate decisions during stomatal development. Bioessays, 2007. 29(9): p. 861-70. 
43. Vatén, A., et al., Modulation of Asymmetric Division Diversity through Cytokinin and 
SPEECHLESS Regulatory Interactions in the Arabidopsis Stomatal Lineage. 
Developmental Cell, 2018. 47. 
44. Mähönen, A.P., et al., Cytokinin signaling and its inhibitor AHP6 regulate cell fate 
during vascular development. Science, 2006. 311(5757): p. 94-8. 
45. Bishopp, A., et al., A mutually inhibitory interaction between auxin and cytokinin 
specifies vascular pattern in roots. Curr Biol, 2011. 21(11): p. 917-26. 
*: In this study, the interplay of cytokinin and auxin is shown to be important for 
correct patterning of vascular tissues. 
46. De Rybel, B., et al., Plant development. Integration of growth and patterning during 
vascular tissue formation in Arabidopsis. Science, 2014. 345(6197): p. 1255215. 
*: By integrating experimental work and modeling this work shows how auxin-
dependent cytokinin biosynthesis is crucial for growth and patterning of embryonic 
vascular tissues. 
47. Mellor, N., et al., Theoretical approaches to understanding root vascular patterning: 
a consensus between recent models. J Exp Bot, 2017. 68(1): p. 5-16. 
48. el-Showk, S., et al., Parsimonious Model of Vascular Patterning Links Transverse 
Hormone Fluxes to Lateral Root Initiation: Auxin Leads the Way, while Cytokinin 
Levels Out. PLoS Comput Biol, 2015. 11(10): p. e1004450. 
 14 
49. Muraro, D., et al., The role of auxin and cytokinin signalling in specifying the root 
architecture of Arabidopsis thaliana. J Theor Biol, 2013. 317: p. 71-86. 
50. Moreira, S., et al., AHP6 inhibits cytokinin signaling to regulate the orientation of 
pericycle cell division during lateral root initiation. PLoS One, 2013. 8(2): p. e56370. 
51. Laplaze, L., et al., Cytokinins act directly on lateral root founder cells to inhibit root 
initiation. Plant Cell, 2007. 19(12): p. 3889-900. 
52. Bielach, A., et al., Spatiotemporal regulation of lateral root organogenesis in 
Arabidopsis by cytokinin. Plant Cell, 2012. 24(10): p. 3967-81. 
53. Lavrekha, V.V., et al., 3D analysis of mitosis distribution highlights the longitudinal 
zonation and diarch symmetry in proliferation activity of the Arabidopsis thaliana 
root meristem. Plant J, 2017. 92(5): p. 834-845. 
54. Andersen, T.G., et al., Diffusible repression of cytokinin signalling produces 
endodermal symmetry and passage cells. Nature, 2018. 555(7697): p. 529-533. 
**: This paper describes how cytokinin signaling is important for generating passage 
cells in the endodermis and the creation of bilateral symmetry. 
55. Peterson, C.A. and D.E. Enstone, Functions of passage cells in the endodermis and 
exodermis of roots. Physiologia Plantarum, 1996. 97(3): p. 592-598. 
56. Ohashi-Ito, K., et al., A bHLH complex activates vascular cell division via cytokinin 
action in root apical meristem. Curr Biol, 2014. 24(17): p. 2053-8. 
57. De Rybel, B., et al., A bHLH complex controls embryonic vascular tissue 
establishment and indeterminate growth in Arabidopsis. Dev Cell, 2013. 24(4): p. 
426-37. 
58. Ohashi-Ito, K. and D.C. Bergmann, Regulation of the Arabidopsis root vascular initial 
population by LONESOME HIGHWAY. Development, 2007. 134(16): p. 2959-68. 
59. Mähönen, A.P., et al., A novel two-component hybrid molecule regulates vascular 
morphogenesis of the Arabidopsis root. Genes Dev, 2000. 14(23): p. 2938-43. 
60. Matsumoto-Kitano, M., et al., Cytokinins are central regulators of cambial activity. 
Proc Natl Acad Sci U S A, 2008. 105(50): p. 20027-31. 
61. Menges, M., et al., Genomic organization and evolutionary conservation of plant D-
type cyclins. Plant Physiol, 2007. 145(4): p. 1558-76. 
62. Randall, R.S., et al., AINTEGUMENTA and the D-type cyclin CYCD3;1 regulate root 
secondary growth and respond to cytokinins. Biol Open, 2015. 4(10): p. 1229-36. 
 15 
63. Hutchison, C.E., et al., The Arabidopsis histidine phosphotransfer proteins are 
redundant positive regulators of cytokinin signaling. Plant Cell, 2006. 18(11): p. 
3073-87. 
64. Köllmer, I., et al., Overexpression of the cytosolic cytokinin oxidase/dehydrogenase 
(CKX7) from Arabidopsis causes specific changes in root growth and xylem 
differentiation. Plant J, 2014. 78(3): p. 359-71. 
65. Vera-Sirera, F., et al., A bHLH-Based Feedback Loop Restricts Vascular Cell 
Proliferation in Plants. Developmental Cell, 2015. 35(4): p. 432-443. 
66. Katayama, H., et al., A Negative Feedback Loop Controlling bHLH Complexes Is 
Involved in Vascular Cell Division and Differentiation in the Root Apical Meristem. 
Current Biology, 2015. 25(23): p. 3144-3150. 
67. Tian, Q., N.J. Uhlir, and J.W. Reed, Arabidopsis SHY2/IAA3 inhibits auxin-regulated 
gene expression. Plant Cell, 2002. 14(2): p. 301-19. 
68. Dello Ioio, R., et al., A genetic framework for the control of cell division and 
differentiation in the root meristem. Science, 2008. 322(5906): p. 1380-4. 
69. Moubayidin, L., et al., The rate of cell differentiation controls the Arabidopsis root 
meristem growth phase. Curr Biol, 2010. 20(12): p. 1138-43. 
70. Di Mambro, R., et al., Auxin minimum triggers the developmental switch from cell 
division to cell differentiation in the Arabidopsis root. Proc Natl Acad Sci U S A, 
2017. 114(36): p. E7641-E7649. 
71. van Zeijl, A., et al., Rhizobium Lipo-chitooligosaccharide Signaling Triggers 
Accumulation of Cytokinins in Medicago truncatula Roots. Molecular Plant, 2015. 
8(8): p. 1213-1226. 
72. Lohar, D.P., et al., Cytokinins play opposite roles in lateral root formation, and 
nematode and Rhizobial symbioses. Plant Journal, 2004. 38(2): p. 203-214. 
73. Chen, Y., et al., Knockdown of LjIPT3 influences nodule development in Lotus 
japonicus. Plant Cell Physiol, 2014. 55(1): p. 183-93. 
74. Reid, D., et al., Cytokinin Biosynthesis Promotes Cortical Cell Responses during 
Nodule Development. Plant Physiol, 2017. 175(1): p. 361-375. 
75. Held, M., et al., Lotus japonicus cytokinin receptors work partially redundantly to 
mediate nodule formation. Plant Cell, 2014. 26(2): p. 678-94. 
76. Ariel, F., et al., Two Direct Targets of Cytokinin Signaling Regulate Symbiotic 
Nodulation in Medicago truncatula. Plant Cell, 2012. 24(9): p. 3838-3852. 
 16 
77. Hill, K., et al., Functional characterization of type-B response regulators in the 
Arabidopsis cytokinin response. Plant Physiol, 2013. 162(1): p. 212-24. 
78. Bhargava, A., et al., Identification of Cytokinin-Responsive Genes Using Microarray 
Meta-Analysis and RNA-Seq in Arabidopsis. Plant Physiology, 2013. 162(1): p. 272-
294. 
79. Shanks, C.M., et al., Role of BASIC PENTACYSTEINE transcription factors in a 
subset of cytokinin signaling responses. Plant J, 2018. 95(3): p. 458-473. 
80. Raines, T., et al., The cytokinin response factors modulate root and shoot growth and 
promote leaf senescence in Arabidopsis. Plant J, 2016. 85(1): p. 134-47. 
81. Zhang, K., et al., AUXIN RESPONSE FACTOR3 Regulates Floral Meristem 
Determinacy by Repressing Cytokinin Biosynthesis and Signaling. Plant Cell, 2018. 
30(2): p. 324-346. 
82. El-Showk, S., R. Ruonala, and Y. Helariutta, Crossing paths: cytokinin signalling and 
crosstalk. Development, 2013. 140(7): p. 1373-83. 
83. Liao, C.Y., et al., Reporters for sensitive and quantitative measurement of auxin 
response. Nat Methods, 2015. 12(3): p. 207-10, 2 p following 210. 
84. Ulmasov, T., et al., Aux/IAA proteins repress expression of reporter genes containing 
natural and highly active synthetic auxin response elements. Plant Cell, 1997. 9(11): 
p. 1963-71. 
85. Brunoud, G., et al., A novel sensor to map auxin response and distribution at high 
spatio-temporal resolution. Nature, 2012. 482(7383): p. 103-U132. 
86. Müller, B. and J. Sheen, Cytokinin and auxin interaction in root stem-cell 
specification during early embryogenesis. Nature, 2008. 453(7198): p. 1094-7. 
87. Zürcher, E., et al., A robust and sensitive synthetic sensor to monitor the 
transcriptional output of the cytokinin signaling network in planta. Plant Physiol, 
2013. 161(3): p. 1066-75. 
**: Seminal paper introducing TCSn which is now an important tool to study CK 
signaling in plant development. 
88. Antoniadi, I., et al., Cell-Type-Specific Cytokinin Distribution within the Arabidopsis 
Primary Root Apex. Plant Cell, 2015. 27(7): p. 1955-67. 
89. Kubiasova, K., et al., Design, synthesis and perception of fluorescently labeled 






Bilateral symmetry: One of many forms of symmetry found in plants in which two halves are 
the exact mirrors of each other. 
Callus: Undifferentiated pluripotent cells induced by high auxin and cytokinin levels. Callus is 
able to differentiate into most plant tissues and transformation of most plant species is still 
based on an intermediate callus step.  
Carpel: Flower organ at the outer part of the gynoecium, formed by fused leaf-like structures.  
Female gametophyte: Part of the flower in which the egg cell resides and where the double 
fertilization takes place.  
Gynoecium: The entire female reproductive organ. 
Passage cells: Non-suberized cells in the otherwise impermeable suberized endodermis that are 
hypothesized to allow lateral transport through the Casparian strip. 
Shoot apical meristem: Self-organizing population of cells that forms all shoot tissues. The 
shoot apical meristem comprises of a non-dividing organizing center and surrounding stem cells 
that actively divide to create shoot tissues.  
Trans-differentiation: the unique ability of differentiated plant cells to first dedifferentiate and 
next differentiate into another cell fate. 
Xylem and Phloem: Vascular cell types that transport water, sugars and other nutrients and 
signaling molecules throughout the plant. Generally speaking, xylem and phloem respectively 
provide shootward and rootward transport. 
 
Box 1. Seeing is believing: Visualizing cytokinins in plant development 
Spatiotemporal signals direct plant cells towards specific developmental paths. Despite the very 
diverse nature of these signals, a solid in vivo visualization is in each case instrumental in 
understanding how and where these cues are regulating plant development. This has been 
clearly exemplified by the enormous impact of the heavily used auxin signaling reporters, 
including DR5, DR5v2 and R2D2 [83-85], on our understanding of the auxin signaling 
pathway. Also for visualizing cytokinin signaling, the TCSn reporter line has been a huge leap 
forward [9, 33, 37, 46, 52]. The TCSn promoter comprises 12 cytokinin responsive cis 
regulatory motifs, 5′-(A/G)GAT(C/T)-3′, present in the cytokinin responsive genes A-type 
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ARRs [86, 87]. This reporter gave researchers a tool to study cytokinin signaling during 
developmental processes in a spatial and temporal manner, many of which are mentioned in 
this review. The main limitation of the DR5 and TCS type of reporters is that they do not 
visualize actual cytokinin levels, but the responses. Cytokinin levels can be directly measured 
by using mass spectrometry with cellular resolution by using cell type specific markers 
combined with cell sorting [88]. However, these experiments are technically challenging and 
the specificity is limited by the availability of cell specific reporter lines. Alternatively, 
bioactive fluorescent labeled cytokinin species have been generated [89]. However, their use to 
study plant development is limited as they have to be implemented in the growth medium and 
do not take local production and degradation into account. In summary, although direct 
detection or visualization of cytokinins themselves is feasible (see Outstanding Questions Box), 
the TCSn reporter remains the most accessible and widely used tool to study the effect of 




Key Figure 1. Schematic overview of key developmental processes influenced by 
cytokinin.  
(A) Cytokinins induce expression of AG that together with ARF3/ETT will repress cytokinin 
signaling. This leads to decreased cytokinin levels in flower meristem and ultimately ensures 
meristem termination. (B) Interactions between the CMM and outer carpel tissues that helps 
with the restriction of cytokinin signaling to the CMM. (C) The effect of CKI and cytokinin 
signaling on cell fate specification in the female gametophyte. (D) Cytokinins made in the 
peripheral and central zone lead to activation of B-type ARRs in the organization center and 
induction of WUS expression which controls the shoot stem cell niche. (E) Induction of SPCH 
by cytokinins helps to promote stomatal lineage cell divisions, whereas SPCH reduces 
cytokinin sensitivity and dividing potential through ARR16/17 and CLE9/10. (F) Network 
generating zones of high auxin signaling in xylem cells and high cytokinin signaling in 
procambium cells. This also contributes to a bilateral symmetry that extends to the surrounding 
pericycle and endodermal cells by controlling lateral root and passage cells specification. 
Abbreviations: CK: cytokinins; CKs: cytokinin signaling; CMM: carpel marginal meristem; 
LR: lateral root; OC: organizing center; PC: passage cells; PPP: phloem pole pericycle; PPE: 
phloem pole endodermis; XPP: xylem pole pericycle; XPE: xylem pole endodermis. 
